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[bookmark: _Toc29190852]Introduction
Emissions are a big part of the automotive industry, ever increasing restrictions on CO2 and NOx emissions are forcing manufacturers into smaller capacity engines and making them more efficient or into hybrid/ electric technologies. When designing its imperative to know how its going to perform on the New European Driving Cycle (NEDP) as this could a make or break for the engine. Being able to model CO2 and NOx outputs from an early stage is a handy tool to have. This study looks into CO2 and NOx emissions and its relationship with two factors: Air Fuel Ratio and Exhaust Gas Recirculation. These models are basic but provide a good insight into effecting factors of emission levels.

[bookmark: _Toc29190853]Ideal Fuel
There is no such thing as a perfect fuel otherwise everyone would be using it and it would never run out (because its perfect). But an ideal fuel would be cheap to manufacture and be readily available, have a small molecule structure so its less prone to pre ignition burns quick enough that the ignition can be closer to TBC to reduce negative work, but also not too quick that it starts damaging the engine with increasing pressure faster than it can handle. It would also burn cooler so there is less NOx formation and less heat escape externally. And release a large amount of energy.
[bookmark: _Toc29190854]Methanol and Isooctane
[bookmark: _Toc29190855]Mass Percentages
The first study was of a blended fuel mixture comprised of 50% Methanol and 50% Isooctane. Isooctane is a hydrocarbon, made up of just carbon and hydrogen atoms is has the formula C8H18 and is most commonly used in petrol. Methanol is an alcohol with the formula CH3OH its commonly used as antifreeze, a fuel or as a denaturant for ethanol to make it undrinkable. (The Chemical Company, 2018)
To determine the mass percentages, the mass of each chemical needs to calculated ensuring an equal amount of each is used. To do this 1 mole of each chemical in considered. Also known as Avogardro’s Number; it is defined as the number of atoms contained within 1 gram of hydrogen, which is roughly 6.022x1023 atoms. This almost directly correlates with the atomic mass of the element (one unit is defined as 1/12th of the mass of the isotope carbon-12). (Wichers, 1998)
	Element
	Atomic No.
	Atomic mass
	Molecular mass

	
	
	
	

	 
	 
	 
	g

	Hydrogen
	1
	1
	1.0

	Carbon
	6
	12
	12.0

	Nitrogen
	7
	14
	14.0

	Oxygen
	8
	16
	16.0



Using the above table and the number of atoms in a single molecule of isooctane and methanol, the total mass of one mole of each chemical was calculated. The Individual masses were divided by the total mass and multiplied to get the mass percentage. Due to the isooctane being a larger molecule it makes up 78% of the mass, despite the fuels sharing the same volumetric percentage. 
[image: ]
[bookmark: _Toc29190856]Air fuel Mass Ratio
The stoichiometric air fuel mass ratio is the theoretical perfect ratio of air and fuel where the most efficient combustion occurs, in practice it’s a close representation. To calculate the stoichiometric air fuel mass ratio, the mass of 1 mole of the fuel and 1 mole of air needed to be found. The value for the fuel is the value previously used and the value for air is based on it being comprised of 79% nitrogen and 21% Oxygen.

Mf – Mass of Fuel (g)
Ma – Mass of Air (g)

X – multiplier to balance the Chemical equation
MMo – Molecular Mass of Oxygen (g)
MMN – Molecular Mass of Nitrogen (g)
3.76 is ratio of nitrogen and oxygen in air. The multiplier was taken from the balance equation used to show the chemical reactions in combustion. The following balanced equation was used.

[bookmark: _Toc29190857]Enthalpy Formations 
Enthalpy formation is the change in enthalpy when elements change to form a new molecule or compound, this can also be described the heat energy absorbed or emitted from a chemical reaction taking place. The measurement is taken from their natural state and therefore the natural state of the element is counted as zero. Oxygen and Hydrogen both travel in pairs so this state is considered natural or standard and thus would have an enthalpy value of 0. A factor in the amount of heat energy emitted or absorbed during a reaction is the state of the chemicals i.e. gas, liquid or solid.
The heat energy released during combustion can be calculated using enthalpy formation. This can be done by subtracting the enthalpy of the reactants from the enthalpy of the products.

Enthalpy Formation is measured as kj/mol. The resultant energy from this reaction is 5740.6 kj/mol. Nitrogen has a value of 0 as it is in its natural state and H2O’s value is from its gaseous state. In this case as the water is in gas form the end value is also known as the Lower Heating Value (LHV), if the water were in liquid state it would be known as the Higher Heating value. As mentioned earlier the state of the chemical’s factors into the enthalpy formation. If the water in its liquid the enthalpy formation value would be higher at 285.8 kj/mol.
[bookmark: _Toc29190858]Co2 Produced
One of the key aspects of emissions is the CO2 produced per kilogram of fuel used during combustion this was calculated with the following equation.

MMC – Molecular Mass of Carbon (g)
MMO – Molecular Mass of Oxygen (g)
Mf – Mass of Fuel (kg)
The 9 is the multiplier to balance the equation, the molecular mass of oxygen is double as there are two oxygen atoms in a CO2 molecule and the 100 multiplier is to convert the molecular masses from grams to kilograms. The result for the combustion a fuel mixture of Methanol and Isooctane was 0.027kg per 1kg of fuel used.
[bookmark: _Toc29190859]NOx
For the second part of this study a basic simulation was constructed to evaluate the relationship between the fuel equivalence ratio and the production of Nitrous Oxides. The engine used was 1600cc 4 cylinder naturally aspirated engine running on Isooctane. The initial parameters for the simulation were an initial starting pressure of 10bar after the start of combustion and the increasing uniformly by 2bar per degree of crank angle revolution. This represented a typical load situation during the new European drive cycle (NEDC). 
[bookmark: _Toc29190860]NOx PPM
The initial goal was to calculate data that could be used to plot a graph representing the NOx emissions in parts per million as the air fuel mixture becomes leaner. Working towards calculating the NOx emissions the temperature inside the engine firstly had to be worked out.


  – Enthalpy of …. (kj)
CO2 – Carbon dioxide
H2O – Water
f – Isooctane
φ – Fuel Equivalence Ratio
n – multiplier in the balanced equation for the respective molecules
Knowing the net enthalpy means that the temperature for that reaction (flame temperature) can be found. By using tables containing the enthalpy formations at set temperatures for each of the 4 elements that made up the products of combustion. The sum of the four elements enthalpies was used to determine the temperature however, the tables only contained values for every 50kelvin. In order to get around this problem the following equation was used.

T- Actual Temperature (K)
T1 – Temperature on lower side of actual temperature (K)
T2 – Temperature on higher side of actual temperature (K)
E – Actual Enthalpy (kj)
E1 – Enthalpy on lower side of actual enthalpy (kj)
E2 – Enthalpy on higher side of actual enthalpy (kj)
[image: ]
The above table shows the values to calculate the flame temperature.
Once the flame temperature had been calculated the temperature was needed for the rest of combustion.
An equation was used that had been derived from  and 

T2 – Temperature due to pressure increase (K)
T1 – Initial Temperature (K)
P1 – Initial Pressure (bar)
P2 – Pressure after increase of 2bar (bar)
n – Polytropic Index
This equation was used to calculate the increase in temperature in the cylinder after the start of combustion. The polytropic index value was assumed at 1.17.
The table below shows a small section of the temperature data calculated. 
[image: ]
As seen above the NOx emissions were calculated in kmols/o, this allowed for the values to bee added up to give a total emission value per cycle. 
To calculate the rate of NOx emissions at each fuel equivalence ratio the Zeldovich model was applied.

[N2] – Nitrogen Concentration
[O2] – Oxygen Concentration
T – Temperature (K)
rpm – Engine speed (rpm)
40x10-6 – the clearance volume of the head at TDC (m3)
-67837 – Energy require for a reaction to happen (j)
[N2] can be determined as follows

[bookmark: _Hlk29185312][N2] – Nitrogen Concentration
α – represents the actual number for kmols in the mixture
n – multiplier in the balanced equation for the respective molecule


[bookmark: _Hlk29186347][bookmark: _Hlk29186333][O2] – Oxygen Concentration
α – represents the actual number for kmols in the mixture
n – multiplier in the balanced equation for the respective molecule
Α is found by using the following equation

φ – Fuel Equivalence Ratio
n comes from the ideal gas law  rearranged to be .
The NOx PPM value was calculated by dividing the NOx kmols/cycle by total exhaust kmols.

n – multiplier in the balanced equation for each of the products
α – represents the actual number for kmols in the mixture
[image: ]
The above table shows the values calculated towards the NOx PPM.

This graph shows the relationship between NOx emissions in PPM and fuel equivalency ratio. The NOx emission peaks at around 0.96 then tapers off in an inverse exponential curve. This will be because the temperature inside the cylinder will not be sufficiently hot enough to split the N2 atoms to allows oxygen to attach on.
[bookmark: _Toc29190861]EGR
Continuing on from the previous model the next part of the study aims to depict the relationship between NOx emissions and the use of Exhaust Recirculation Valves (EGR). The fuel equivalency ratio was kept constant at 0.7. For the purpose of this part of the study there is an increase in reactants and products based on the EGR percentage. The reactants gain from 0 – 20% of products and the products then gain 0-20% extra. As the increase was uniform on both sides of the equation the net enthalpy changed the same. The changes were in the oxygen and nitrogen concentration increases.

The above graph shows effect that the EGR has on the level of NOx emissions, showing a definite reduction as more exhaust gases are recirculated. From the equation PV=mRT as the EGR increases the mass of the fuel pre combustion, for the same volume and pressure the temperature has to decrease. The resulting decrease in temperature has the same effect as when the temperature is reducing with the mixture getting leaner.
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0.6 4.8 10.8 12.5 4.8 5.8 5 47 -155.52 -3291.24 3135.72

0.65 5.2 11.7 12.5 5.2 6.2 4.375 47 -168.48 -3545.36 3376.88

0.7 5.6 12.6 12.5 5.6 6.6 3.75 47 -181.44 -3799.48 3618.04

0.75 6 13.5 12.5 6 7 3.125 47 -194.4 -4053.6 3859.2

0.8 6.4 14.4 12.5 6.4 7.4 2.5 47 -207.36 -4307.72 4100.36

0.85 6.8 15.3 12.5 6.8 7.8 1.875 47 -220.32 -4561.84 4341.52

0.9 7.2 16.2 12.5 7.2 8.2 1.25 47 -233.28 -4815.96 4582.68

0.95 7.6 17.1 12.5 7.6 8.6 0.625 47 -246.24 -5070.08 4823.84

0.96 7.68 17.28 12.5 7.68 8.68 0.5 47 -248.832 -5120.904 4872.072

0.97 7.76 17.46 12.5 7.76 8.76 0.375 47 -251.424 -5171.728 4920.304

0.98 7.84 17.64 12.5 7.84 8.84 0.25 47 -254.016 -5222.552 4968.536

0.99 7.92 17.82 12.5 7.92 8.92 0.125 47 -256.608 -5273.376 5016.768

1 8 18 12.5 8 9 0 47 -259.2 -5324.2 5065
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CA Pressure

deg Bar Temp (K)Nox (kmols/°)Temp (K)Nox (kmols/°)Temp (K)Nox (kmols/°)Temp (K)Nox (kmols/°)

0 102390.653 02373.837 2.94941E-10 2356.969 4.80899E-10 2340.076 5.86165E-10

1 12 2454.83 02437.563 6.2258E-10 2420.242 1.02055E-09 2402.896 1.25072E-09

2 142510.434 02492.775 1.15318E-09 2475.062 1.89868E-09 2457.323 2.33735E-09

3 162559.617 02541.612 1.94532E-09 2523.552 3.21494E-09 2505.466 3.97278E-09

4 182603.799 02585.483 3.05969E-09 2567.112 5.07303E-09 2548.713 6.28956E-09

5 202643.966 02625.368 4.55818E-09 2606.713 7.57914E-09 2588.031 9.4239E-09

6 222680.836 02661.979 6.50316E-09 2643.063 1.08407E-08 2624.12 1.35142E-08

7 242714.944 02695.847 8.95706E-09 2676.691 1.49656E-08 2657.507 1.86998E-08

8 262746.703 02727.383 1.1982E-08 2708.003 2.00613E-08 2688.594 2.51202E-08

9 282776.439 0 2756.91 1.56393E-08 2737.32 2.62348E-08 2717.701 3.29141E-08

10 302804.412 02784.686 1.99898E-08 2764.898 3.35917E-08 2745.082 4.22193E-08

11 322830.834 02810.921 2.50932E-08 2790.948 4.22363E-08 2770.945 5.31719E-08

12 34 2855.88 02835.791 3.1008E-08 2815.641 5.22711E-08 2795.461 6.59063E-08

13 362879.697 02859.441 3.77919E-08 2839.123 6.37972E-08 2818.774 8.05547E-08

14 382902.409 02881.993 4.55011E-08 2861.514 7.69134E-08 2841.006 9.72474E-08

15 402924.121 02903.552 5.41909E-08 2882.921 9.17168E-08 2862.258 1.16112E-07

Total 0 2.6829E-07 4.51896E-07 5.6932E-07 kmols/cycle

1 0.99 0.98 0.97
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φ Initial TempNox/cycle Total Ex kmolsNox PPM

0.6 1663.52383 3.9431E-10 2.73654E-10144.0921

0.65 1761.50719 2.2914E-09 2.74191E-10835.6851

0.7 1857.17469 1.0303E-08 2.74727E-10 3750.42

0.75 1950.78023 3.7187E-08 2.75262E-1013509.74

0.8 2042.31791 1.0967E-07 2.75796E-1039765.47

0.85 2132.12988 2.6561E-07 2.7633E-1096119.64

0.9 2219.91523 5.0852E-07 2.76862E-10183672.8

0.95 2306.17147 6.6345E-07 2.77394E-10239171.9

0.96 2323.15023 6.3574E-07 2.775E-10229094.8

0.97 2340.07631 5.6932E-07 2.77606E-10205081.9

0.98 2356.969 4.519E-07 2.77712E-10162720.9

0.99 2373.83678 2.6829E-07 2.77818E-1096570.35

1 2390.65274 0 2.77925E-10 0

Nox Production
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Methanol  50 1 12 4 4 1 16 32 21.9%

Isooctane 50 8 96 18 18 0 0 114 78.1%

Total 100 9 108 22 16 146 100.0%
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